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Y planning period 
M seasonal period 
S supply location 
IP pre-processing plant 
P conversion plant 
D demand location 
H harbor 
G spatial grid 
E energy sector 
F fossil fuel technology 
C commodity 
RM ⊂ C feedstock 
IBP ⊂ C intermediate product 
PD ⊂ C product 
T transport mode 
TECH technology group 
MODE technology mode 
SIZE technology size 
IPTECH ⊂ TECH pre-processing technology 
PTECH ⊂ TECH conversion technology 
IPMODE ⊂ MODE pre-processing technology mode 
PMODE ⊂ MODE conversion technology mode 
IPSIZE ⊂ SIZE pre-processing technology size 
PSIZE ⊂ SIZE conversion technology size 
Indices 
𝑦𝑦 ∈ Y planning period (alternatively used to indicate retirement 
period) 
𝑦𝑦′ ∈ Y planning period (alternatively used to indicate investment 
period) 
𝑚𝑚 ∈ M seasonal period 
𝑠𝑠 ∈ S supply location 
𝑖𝑖𝑖𝑖 ∈ IP pre-processing plant 
𝑖𝑖 ∈ P conversion plant 
𝑑𝑑 ∈ D demand location 
ℎ ∈ H harbor (alternatively used to indicate the origin harbor) 
ℎ′ ∈ H harbor (alternatively used to indicate the destination harbor) 
𝑔𝑔 ∈ G spatial grid (alternatively used to indicate the origin grid) 
𝑔𝑔′ ∈ G spatial grid (alternatively used to indicate the destination grid) 
𝑒𝑒 ∈ E energy sector 
𝑓𝑓 ∈ F fossil fuel technology 
𝑐𝑐 ∈ C commodity 
𝑟𝑟𝑚𝑚 ∈ RM feedstock 
𝑖𝑖𝑖𝑖𝑖𝑖 ∈ IBP intermediate product 
𝑖𝑖𝑑𝑑 ∈ PD product 
𝑡𝑡 ∈ T transport mode 
𝑡𝑡𝑒𝑒𝑐𝑐ℎ ∈ TECH  technology group 
𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 ∈ MODE  technology mode 
𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 ∈ SIZE  technology size 
𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ ∈ IPTECH pre-processing technology 
𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ ∈ PTECH conversion technology 
𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 ∈ IPMODE pre-processing technology mode 
𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 ∈ PMODE conversion technology mode 
𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 ∈ IPSIZE pre-processing technology size 
𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 ∈ PSIZE conversion technology size 
Parameters 
𝐴𝐴𝑦𝑦,𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 availability of land area of spatial grid 𝑔𝑔 at year 𝑦𝑦 (ha) 
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑓𝑓𝑎𝑎𝑡𝑡𝑡𝑡𝑚𝑚𝑓𝑓  area requirement for plant of technology mode 𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ (ha/TWh) 
𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  availability of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at year 𝑦𝑦 (TWh) 
𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖  capacity level of pre-processing plant 𝑖𝑖𝑖𝑖 of technology mode 
𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at 
year 𝑦𝑦 (TWh) 
𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖  capacity level of conversion plant 𝑖𝑖 of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 
of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at year 𝑦𝑦 
(TWh) 
𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑓𝑓,𝑡𝑡,𝑚𝑚
𝑓𝑓𝑡𝑡𝑓𝑓  capacity level of fossil fuel technology 𝑓𝑓 associated with energy 
sector 𝑒𝑒 in demand location 𝑑𝑑 
𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚
𝑏𝑏𝑚𝑚_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 capacity level of storage facility for feedstock 𝑟𝑟𝑚𝑚 in supply 




capacity level of storage facility for intermediate product 𝑖𝑖𝑖𝑖𝑖𝑖 in 
pre-processing plant 𝑖𝑖𝑖𝑖 of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 





capacity level of storage facility for bioenergy product 𝑖𝑖𝑑𝑑 in 
conversion plant 𝑖𝑖 of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology 
size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at year 𝑦𝑦 (TWh) 
𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  known retired capacity of pre-processing plant 𝑖𝑖𝑖𝑖 of technology 
mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology 
group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at year 𝑦𝑦 (TWh) 
𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  known retired capacity of conversion plant 𝑖𝑖 of technology 
mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology 
group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at year 𝑦𝑦 (TWh) 
𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑠𝑠,𝑎𝑎𝑖𝑖,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖  transport distance from supply location 𝑠𝑠 to pre-processing 
plant 𝑖𝑖𝑖𝑖 of transport mode 𝑡𝑡 (km) 
𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑠𝑠,𝑖𝑖,𝑡𝑡
𝑠𝑠𝑖𝑖  transport distance from supply location 𝑠𝑠 to conversion plant 𝑖𝑖 
of transport mode 𝑡𝑡 (km) 
𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑎𝑎𝑖𝑖,𝑖𝑖,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖  transport distance from pre-processing plant 𝑖𝑖𝑖𝑖 to conversion 
plant 𝑖𝑖 of transport mode 𝑡𝑡 (km) 
𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑎𝑎𝑖𝑖,ℎ,𝑡𝑡
𝑎𝑎𝑖𝑖ℎ  transport distance from pre-processing plant 𝑖𝑖𝑖𝑖 to harbor ℎ of 
transport mode 𝑡𝑡 (km) 
𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑖𝑖,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚  transport distance from conversion plant 𝑖𝑖 to demand location 
𝑑𝑑 of transport mode 𝑡𝑡 (km) 
𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡ℎ,𝑖𝑖,𝑡𝑡
ℎ𝑖𝑖  transport distance from harbor ℎ to conversion plant 𝑖𝑖 of 
transport mode 𝑡𝑡 (km) 
𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡ℎ,ℎ′,𝑡𝑡
ℎℎ  transport distance from harbor ℎ to harbor ℎ′ of transport mode 
𝑡𝑡 (km) 
𝐷𝐷𝐵𝐵𝑦𝑦,𝑓𝑓𝑚𝑚,𝑖𝑖𝑏𝑏𝑚𝑚  demand of feedstock 𝑟𝑟𝑚𝑚 in the existing bioenergy plant 𝑖𝑖 at 
year 𝑦𝑦 (TWh) 
𝐷𝐷𝐵𝐵𝑦𝑦,𝑡𝑡,𝑚𝑚
𝑖𝑖𝑓𝑓  demand of bioenergy product associated with energy sector 𝑒𝑒 in 
demand location 𝑑𝑑 at year 𝑦𝑦 (TWh) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓,𝑡𝑡
𝑓𝑓𝑡𝑡𝑓𝑓 emission factor associated with reference energy sector 𝑒𝑒 
(tCO2/MWh) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚𝑏𝑏𝑚𝑚 emission factor associated with collection of feedstock 𝑟𝑟𝑚𝑚 
(tCO2/MWh) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 emission avoidance factor associated with utilization of 
feedstock 𝑟𝑟𝑚𝑚 (tCO2/MWh) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑡𝑡𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 emission factor associated with storage of commodity 𝑐𝑐 
(tCO2/MWh) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑡𝑡,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 emission factor associated with loading/unloading activity for 
transporting commodity 𝑐𝑐 by using transport mode 𝑡𝑡 
(tCO2/MWh) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑡𝑡,𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓 emission factor associated with transportation of commodity 𝑐𝑐 
by using transport mode 𝑡𝑡 (tCO2/MWh.km) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑡𝑡,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 emission factor associated with loading/unloading activity for 
shipping commodity 𝑐𝑐 by using transport mode 𝑡𝑡 (tCO2/MWh) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑡𝑡,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑓𝑓 emission factor associated with shipment of commodity 𝑐𝑐 by 
using transport mode 𝑡𝑡 (tCO2/MWh.km) 
𝑒𝑒𝑚𝑚𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ  emission factor associated with technology mode 𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ (tCO2/MWh) 
𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  installed capacity of existing transmission/distribution line for 
commodity 𝑐𝑐 that connects  spatial grid 𝑔𝑔 to spatial grid 𝑔𝑔′ at the 
initial planning period (𝑦𝑦 = 1)  (TWh) 
𝑖𝑖𝑓𝑓𝑦𝑦,𝑓𝑓,𝑡𝑡
𝑓𝑓𝑡𝑡𝑓𝑓  price factor of fossil fuel technology 𝑓𝑓 associated with reference 
energy sector 𝑒𝑒 at year 𝑦𝑦 (USD/MWh) 
𝑖𝑖𝑓𝑓𝑦𝑦𝑡𝑡𝑚𝑚2 price factor of the CO2 emission taxation at year 𝑦𝑦 (USD/tCO2) 
𝑖𝑖𝑓𝑓𝑦𝑦,𝑖𝑖𝑚𝑚𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠 price factor associated with subsidy for product 𝑖𝑖𝑑𝑑 at year 𝑦𝑦 
(USD/MWh) 
𝑖𝑖𝑓𝑓𝑦𝑦,𝑡𝑡𝑡𝑡  price factor associated with collection of commodity 𝑐𝑐 at year 𝑦𝑦 
(USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 price factor associated with storage of commodity 𝑐𝑐 (USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 price factor associated with loading/unloading activity for 
transporting commodity 𝑐𝑐 by using transport mode 𝑡𝑡 
(USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡,𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑓𝑓 price factor associated with transportation of commodity 𝑐𝑐 by 
using transport mode 𝑡𝑡 (USD/MWh/km) 
𝑖𝑖𝑓𝑓𝑦𝑦,𝑡𝑡,𝑡𝑡
𝑡𝑡𝑓𝑓𝑠𝑠𝑡𝑡𝑎𝑎 price factor associated with fuel consumption by transport 
mode 𝑡𝑡 for transporting commodity 𝑐𝑐 at year 𝑦𝑦 (USD/MWh/km) 
𝑖𝑖𝑓𝑓𝑡𝑡,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 price factor associated with loading/unloading activity for 
shipping commodity 𝑐𝑐 by using transport mode 𝑡𝑡 (USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑓𝑓 price factor associated with shipment of commodity 𝑐𝑐 by using 
transport mode 𝑡𝑡 (USD/MWh/km) 
𝑖𝑖𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡𝑐𝑐  price factor associated with investment of technology mode 
𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ 
(USD/MWh) 
𝑖𝑖𝑓𝑓𝑓𝑓,𝑡𝑡
𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡𝑐𝑐𝑏𝑏𝑎𝑎𝑎𝑎 price factor associated with the balance of investment of the 
substituted capacity of fossil fuel plant by co-firing/fuel 
switching technology (USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐𝑓𝑓𝑎𝑎𝑐𝑐  price factor associated with fix operation and maintenance 
(O&M) of technology mode 𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of 
technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ (USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐𝑎𝑎𝑎𝑎𝑓𝑓  price factor associated with variable O&M of technology mode 
𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ 
(USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑎𝑎𝑐𝑐 price factor associated with investment of grid infrastructure 
connectivity in transporting commodity 𝑐𝑐 by using transport 
mode 𝑡𝑡 (USD/MWh) 
𝑖𝑖𝑓𝑓𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓 price factor associated with investment of grid infrastructure 
interconnection in transporting commodity 𝑐𝑐 by using transport 
mode 𝑡𝑡 (USD/MWh.km) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  installed capacity of existing pre-processing plant 𝑖𝑖𝑖𝑖 of 
technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of 
technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at the initial planning period (𝑦𝑦 = 1) 
(TWh) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  installed capacity of existing conversion plant 𝑖𝑖 of technology 
mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology 
group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at the initial planning period (𝑦𝑦 = 1) (TWh) 
𝑡𝑡𝐶𝐶𝑟𝑟𝑔𝑔𝑒𝑒𝑡𝑡𝑦𝑦,𝑡𝑡𝑏𝑏𝑎𝑎𝑚𝑚 renewable energy target of energy sector 𝑒𝑒 at year 𝑦𝑦 (TWh) 
𝑡𝑡𝐶𝐶𝑟𝑟𝑔𝑔𝑒𝑒𝑡𝑡𝑦𝑦𝑡𝑡𝑚𝑚 emission target at year 𝑦𝑦 (MtCO2) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  initial storage of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at the initial 
season (𝑚𝑚 = 1) of year 𝑦𝑦, dedicated for use in pre-processing 
plant (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  initial storage of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at the initial 
season (𝑚𝑚 = 1) of year 𝑦𝑦, dedicated for use in conversion plant 
(TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚
𝑠𝑠𝑖𝑖𝑡𝑡_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 initial storage of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at the initial 
season (𝑚𝑚 = 1) of year 𝑦𝑦, dedicated for use in existing 
bioenergy plant (TWh) 
𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖
𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  initial storage of intermediate product 𝑖𝑖𝑖𝑖𝑖𝑖 in pre-processing 
plant 𝑖𝑖𝑖𝑖 of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 
of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at the  initial season (𝑚𝑚 = 1) of year 
𝑦𝑦 (TWh) 
𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚
𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  initial storage of product 𝑖𝑖𝑑𝑑 at conversion plant 𝑖𝑖 of technology 
mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology 
group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at the initial season (𝑚𝑚 = 1) of year 𝑦𝑦 (TWh) 
𝛽𝛽𝑦𝑦,𝑦𝑦′,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑎𝑎𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  binary relationship between investment year 𝑦𝑦′ and retirement 
year 𝑦𝑦 of pre-processing plant 𝑖𝑖𝑖𝑖 of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 
of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ, 1 if true 
𝛽𝛽𝑦𝑦,𝑦𝑦′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  binary relationship between investment year 𝑦𝑦′ and retirement 
year 𝑦𝑦 of conversion plant 𝑖𝑖 of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ, 1 if true 
𝛽𝛽𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖 binary value that indicates which commodity 𝑐𝑐 can undergo 
shipping, 1 if true 
𝛽𝛽𝑡𝑡
𝑔𝑔𝑓𝑓𝑎𝑎𝑚𝑚 binary value that indicates which commodity 𝑐𝑐 is associated with 
grid infrastructure installation, 1 if true 
𝛽𝛽𝑡𝑡,𝑡𝑡𝑡𝑡𝑡𝑡  binary relationship between commodity 𝑐𝑐 and transport mode 
𝑡𝑡, 1 if true 
𝛽𝛽𝑡𝑡,𝑡𝑡𝑡𝑡𝑡𝑡  binary relationship between commodity 𝑐𝑐 and energy sector 𝑒𝑒, 
1 if true 
𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑡𝑡  binary relationship between technology 𝑡𝑡𝑒𝑒𝑐𝑐ℎ and energy sector 
𝑒𝑒, 1 if true 
𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑓𝑓
𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑓𝑓  binary relationship between technology 𝑡𝑡𝑒𝑒𝑐𝑐ℎ and fossil fuel 
technology 𝑓𝑓, 1 if true 
𝛽𝛽𝑔𝑔,𝑠𝑠
𝑔𝑔𝑠𝑠  binary relationship between spatial grid 𝑔𝑔 and supply location 𝑠𝑠, 
1 if true 
𝛽𝛽𝑔𝑔,𝑎𝑎𝑖𝑖
𝑔𝑔𝑎𝑎𝑖𝑖  binary relationship between spatial grid 𝑔𝑔 and pre-processing 
plant 𝑖𝑖𝑖𝑖, 1 if true 
𝛽𝛽𝑔𝑔,𝑖𝑖
𝑔𝑔𝑖𝑖  binary relationship between spatial grid 𝑔𝑔 and conversion plant 
𝑖𝑖, 1 if true 
𝛽𝛽𝑔𝑔,𝑚𝑚
𝑔𝑔𝑚𝑚  binary relationship between spatial grid 𝑔𝑔 and demand 𝑑𝑑, 1 if 
true 
𝛽𝛽𝑔𝑔,ℎ
𝑔𝑔ℎ  binary relationship between spatial grid 𝑔𝑔 and harbor ℎ, 1 if true 
𝜂𝜂𝑡𝑡,𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑡𝑡 efficiency of technology mode 𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ 
for converting commodity 𝑐𝑐 to commodity 𝑐𝑐 (TWhout/TWhin) 
𝜆𝜆𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑚𝑚𝑖𝑖 number of seasons 
𝜆𝜆𝑦𝑦,𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑡𝑡  number of technology allowed to be built for each plant at year 
𝑦𝑦 
𝜇𝜇𝑓𝑓𝑎𝑎𝑚𝑚𝑙𝑙 lower boundary of capacity factor for fossil fuel technology 𝑓𝑓 
𝜇𝜇𝑓𝑓
𝑠𝑠𝑖𝑖 upper boundary of capacity factor for fossil fuel technology 𝑓𝑓 
𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑎𝑎𝑚𝑚𝑙𝑙  lower boundary of capacity factor for technology mode 𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ 
𝜇𝜇𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑠𝑠𝑖𝑖  upper boundary of capacity factor for technology mode 𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 
of technology group 𝑡𝑡𝑒𝑒𝑐𝑐ℎ 
𝜔𝜔𝑦𝑦,𝑡𝑡𝐵𝐵𝐵𝐵  fraction of commodity 𝑐𝑐 availability in year 𝑦𝑦 
𝜔𝜔𝑡𝑡𝐷𝐷𝐵𝐵𝐷𝐷  fraction of dry matter loss of commodity 𝑐𝑐 storage 
𝜔𝜔𝑦𝑦,𝑚𝑚,𝑡𝑡𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑚𝑚𝑖𝑖 fraction of season 𝑚𝑚 in year 𝑦𝑦 associated with commodity 𝑐𝑐 
𝜔𝜔𝑦𝑦,𝑚𝑚,𝑡𝑡𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑚𝑚𝑖𝑖 fraction of season 𝑚𝑚 in year 𝑦𝑦 associated with energy sector 𝑒𝑒 
Free variables 
𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶𝑇𝑇𝑆𝑆𝑇𝑇𝑦𝑦 total cost of energy supply chain at year 𝑦𝑦 (MUSD) 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐵𝐵𝑋𝑋𝑆𝑆𝑆𝑆𝑋𝑋𝑇𝑇𝑇𝑇𝑦𝑦 total emission of energy supply chain at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑆𝑆𝐶𝐶 objective function (MUSD) 
Positive variables 
𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  availability of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at year 𝑦𝑦, 
dedicated for the supply to pre-processing plant of technology 
mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 
𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ (TWh) 
𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑖𝑖_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  availability of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at year 𝑦𝑦, 
dedicated for the supply to conversion plant of technology mode 
𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ 
(TWh) 
𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚
𝑠𝑠𝑖𝑖𝑡𝑡_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 availability of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at year 𝑦𝑦, 
dedicated for the supply to existing bioenergy plant (TWh) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡𝑏𝑏𝑚𝑚 collection/purchase cost of feedstock associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦
𝑏𝑏𝑚𝑚_𝑖𝑖𝑡𝑡 collection/purchase cost of feedstock associated with existing 
bioenergy plant at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑏𝑏𝑚𝑚_𝑡𝑡 transport cost of feedstock associated with energy sector 𝑒𝑒 at 
year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦
𝑏𝑏𝑚𝑚_𝑡𝑡_𝑖𝑖𝑡𝑡 transport cost of feedstock associated with existing bioenergy 
plant at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑎𝑎𝑏𝑏_𝑡𝑡 transport cost of intermediate product associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑖𝑖𝑓𝑓_𝑡𝑡 transport cost of product associated with energy sector 𝑒𝑒 at year 
𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑏𝑏𝑚𝑚_𝑠𝑠ℎ𝑎𝑎𝑖𝑖 shipping cost of feedstock associated with energy sector 𝑒𝑒 at 
year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑎𝑎𝑏𝑏_𝑠𝑠ℎ𝑎𝑎𝑖𝑖 shipping cost of intermediate product associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑎𝑎𝑖𝑖_𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡𝑐𝑐 investment cost of pre-processing plant associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑎𝑎𝑖𝑖_𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐 O&M cost of pre-processing plant associated with energy sector 
𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑖𝑖_𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡𝑐𝑐 investment cost of conversion plant associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑖𝑖_𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐 O&M cost of conversion plant associated with energy sector 𝑒𝑒 at 
year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑎𝑎𝑖𝑖_𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎 infrastructure cost of pre-processing plant associated with 
energy sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑖𝑖_𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎 infrastructure cost of conversion plant associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑏𝑏𝑚𝑚_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 storage cost of feedstock associated with energy sector 𝑒𝑒 at year 
𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦
𝑏𝑏𝑚𝑚_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡_𝑖𝑖𝑡𝑡 storage cost of feedstock associated with existing bioenergy 
plant at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 storage cost of intermediate product associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 storage cost of product associated with energy sector 𝑒𝑒 at year 
𝑦𝑦 (MUSD) 
𝐶𝐶𝑚𝑚𝑠𝑠𝑡𝑡𝑦𝑦,𝑡𝑡
𝑓𝑓𝑡𝑡𝑓𝑓 reference cost of energy sector 𝑒𝑒 at year 𝑦𝑦 (MUSD) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚      avoided emission associated with energy sector 𝑒𝑒 at year 𝑦𝑦 
(MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡𝑏𝑏𝑚𝑚 emission from feedstock collection associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦
𝑏𝑏𝑚𝑚_𝑖𝑖𝑡𝑡 emission from feedstock collection associated with existing 
bioenergy plant at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑏𝑏𝑚𝑚_𝑡𝑡      emission from feedstock transport associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦
𝑏𝑏𝑚𝑚_𝑡𝑡_𝑖𝑖𝑡𝑡      emission from feedstock transport associated with existing 
bioenergy plant at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑎𝑎𝑏𝑏_𝑡𝑡      emission from intermediate product transport associated with 
energy sector 𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑖𝑖𝑓𝑓_𝑡𝑡      emission from product transport associated with energy sector 
𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑏𝑏𝑚𝑚_𝑠𝑠ℎ𝑎𝑎𝑖𝑖      emission from feedstock shipping associated with energy sector 
𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑎𝑎𝑏𝑏_𝑠𝑠ℎ𝑎𝑎𝑖𝑖      emission from intermediate product shipping associated with 
energy sector 𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑎𝑎𝑖𝑖       emission from pre-processing activity associated with energy 
sector 𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑖𝑖  emission from conversion activity associated with energy sector 
𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑏𝑏𝑚𝑚_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 emission from feedstock storage associated with energy sector 
𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦
𝑏𝑏𝑚𝑚_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡_𝑖𝑖𝑡𝑡 Emission from feedstock storage associated with existing 
bioenergy plant at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡      emission from intermediate product storage associated with 
energy sector 𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡      emission from product storage associated with energy sector 𝑒𝑒 
at year 𝑦𝑦 (MtCO2) 
𝑇𝑇𝑚𝑚𝑦𝑦,𝑡𝑡
𝑓𝑓𝑡𝑡𝑓𝑓 Reference emission of energy sector 𝑒𝑒 at year 𝑦𝑦 (MtCO2) 
𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡 installed capacity of transmission/distribution line for 
commodity 𝑐𝑐 that connects spatial grid 𝑔𝑔 to spatial grid 𝑔𝑔′ at 
year 𝑦𝑦 (TWh) 
𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡  installed capacity of new transmission/distribution line for 
commodity 𝑐𝑐 that connects spatial grid 𝑔𝑔 to spatial grid 𝑔𝑔′ at 
year 𝑦𝑦 (TWh) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖  installed capacity of pre-processing plant 𝑖𝑖𝑖𝑖 of technology mode 
𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at 
year 𝑦𝑦 (TWh) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡  installed capacity of new pre-processing plant 𝑖𝑖𝑖𝑖 of technology 
mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology 
group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at year 𝑦𝑦 (TWh) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  retired capacity of pre-processing plant 𝑖𝑖𝑖𝑖 of technology mode 
𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of itechnology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ 
at year 𝑦𝑦 (TWh) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖  retired capacity of conversion plant 𝑖𝑖 of technology mode 
𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at 
year 𝑦𝑦 (TWh) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡  installed capacity of new conversion plant 𝑖𝑖 of technology mode 
𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at 
year 𝑦𝑦 (TWh) 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  retired capacity of conversion plant 𝑖𝑖 of technology mode 
𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at 
year 𝑦𝑦 (TWh) 
𝑆𝑆𝑆𝑆𝐵𝐵𝑆𝑆𝑋𝑋𝐷𝐷𝑆𝑆𝑦𝑦      price subsidy of bioenergy product at year 𝑦𝑦 (MUSD) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖  flow of feedstock 𝑟𝑟𝑚𝑚 of transport mode 𝑡𝑡 from supply location 
𝑠𝑠 to pre-processing plant 𝑖𝑖𝑖𝑖 of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at season 𝑚𝑚 
of year 𝑦𝑦 (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑖𝑖  flow of feedstock 𝑟𝑟𝑚𝑚 of transport mode 𝑡𝑡 from supply location 
𝑠𝑠 to conversion plant 𝑖𝑖 of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at season 𝑚𝑚 of 
year 𝑦𝑦 (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑡𝑡
𝑠𝑠𝑖𝑖𝑡𝑡  flow of feedstock 𝑟𝑟𝑚𝑚 of transport mode 𝑡𝑡 from supply location 
𝑠𝑠 to existing bioenergy plant 𝑖𝑖 at season 𝑚𝑚 of year 𝑦𝑦 (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡  storage of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at season 𝑚𝑚 of year 
𝑦𝑦, dedicated for the supply to pre-processing plant of technology 
mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 
𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡  storage of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at season 𝑚𝑚 of year 
𝑦𝑦, dedicated for the supply to conversion plant of technology 
mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 
𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚
𝑠𝑠𝑖𝑖𝑡𝑡_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 storage of feedstock 𝑟𝑟𝑚𝑚 in supply location 𝑠𝑠 at season 𝑚𝑚 of year 
𝑦𝑦, dedicated for the supply to existing bioenergy plant (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,ℎ,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡𝑠𝑠ℎ  flow of feedstock 𝑟𝑟𝑚𝑚 of transport mode 𝑡𝑡 from supply location 
𝑠𝑠 to harbor ℎ at season 𝑚𝑚 of year 𝑦𝑦, dedicated for the supply to 
conversion plant of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 
𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚,ℎ,ℎ′,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎℎ  flow of feedstock 𝑟𝑟𝑚𝑚 of transport mode 𝑡𝑡 from harbor ℎ to 
harbor ℎ′ at season 𝑚𝑚 of year 𝑦𝑦, dedicated for the supply to 
conversion plant of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 
𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ (TWh) 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖  flow of feedstock 𝑟𝑟𝑚𝑚 of transport mode 𝑡𝑡 from harbor ℎ′ to 
conversion plant 𝑖𝑖 of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology 




𝑎𝑎𝑖𝑖𝑖𝑖  flow of intermediate product 𝑖𝑖𝑖𝑖𝑖𝑖 of transport mode 𝑡𝑡 from pre-
processing plant 𝑖𝑖𝑖𝑖 of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology 
size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ to conversion plant 𝑖𝑖 of 
technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology 
group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at season 𝑚𝑚 of year 𝑦𝑦 (TWh) 
𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,𝑡𝑡
𝑎𝑎𝑖𝑖ℎ  flow of intermediate product 𝑖𝑖𝑖𝑖𝑖𝑖 of transport mode 𝑡𝑡 from pre-
processing plant 𝑖𝑖𝑖𝑖 of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology 
size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ to harbor ℎ at season 𝑚𝑚 
of year 𝑦𝑦 (TWh) 
𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,ℎ′,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎℎ  flow of intermediate product 𝑖𝑖𝑖𝑖𝑖𝑖 of transport mode 𝑡𝑡 from 
harbor ℎ to harbor ℎ′ at season 𝑚𝑚 of year 𝑦𝑦, dedicated for the 
supply to conversion plant of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ (TWh) 
𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖  flow of intermediate product 𝑖𝑖𝑖𝑖𝑖𝑖 of transport mode 𝑡𝑡 from 
harbor ℎ′ to conversion plant 𝑖𝑖 of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at season 𝑚𝑚 of 
year 𝑦𝑦 (TWh) 
𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖
𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡  storage of intermediate product 𝑖𝑖𝑖𝑖𝑖𝑖 in pre-processing plant 𝑖𝑖𝑖𝑖 
of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of 
technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at season 𝑚𝑚 of year 𝑦𝑦, dedicated for 
the supply to conversion plant (TWh) 
𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚  flow of product 𝑖𝑖𝑑𝑑 of transport mode 𝑡𝑡 from conversion plant 𝑖𝑖 
of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of 
technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ to demand location 𝑑𝑑 at season 𝑚𝑚 of 
year 𝑦𝑦 (TWh) 
𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚
𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡  storage of product 𝑖𝑖𝑑𝑑 in conversion plant 𝑖𝑖 of technology mode 
𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ at 
season 𝑚𝑚 of year 𝑦𝑦 (TWh) 
𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑓𝑓,𝑡𝑡,𝑚𝑚
𝑓𝑓𝑡𝑡𝑓𝑓  reference energy production by fossil fuel technology 𝑓𝑓 of 
energy sector 𝑒𝑒 in demand location 𝑑𝑑 at season 𝑚𝑚 of year 𝑦𝑦 
(TWh) 
Integer variables  
𝑆𝑆𝑋𝑋𝑋𝑋𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡  number of pre-processing plant 𝑖𝑖𝑖𝑖 of technology mode 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 
of technology size 𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ built at 
year 𝑦𝑦 
𝑆𝑆𝑋𝑋𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡  number of conversion plant 𝑖𝑖 of technology mode 𝑖𝑖𝑚𝑚𝑚𝑚𝑑𝑑𝑒𝑒 of 
technology size 𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 of technology group 𝑖𝑖𝑡𝑡𝑒𝑒𝑐𝑐ℎ built at year 𝑦𝑦 
 
 
S1.2. Mathematical formulation 
 
 
Description of the mathematical formulation is presented here. The formulation comprises a 
series of interrelated equations on resource balances and conversions, resource demands, technology 
capacities, storage capacities, grid infrastructure capacities, policy-related targets, costs and 
emissions. It must be mentioned that the generations of the model outputs are not only limited by the 
variables declared in the equations. Depending on the outputs and visualizations needed for the 
scenario analysis, in-house programming algorithm was developed and applied for the specific 
customizations of the results. 
 
 
S1.2.1. Resource balance and conversion 
 
 
 Eq. (1) defines the feedstock availability balance throughout the planning periods, consisted 
of the feedstock availability which maximally governs the portions of feedstock that can be allocated 
for consumption in pre-processing plant (𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ), conversion plant 
(𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑖𝑖_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ) and existing bioenergy plant (𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚
𝑠𝑠𝑖𝑖𝑡𝑡_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎). Availability fraction �𝜔𝜔𝑦𝑦,𝑡𝑡𝐵𝐵𝐵𝐵� is 
used as a factor that limits the amount of feedstock that can be allocated as supplies. For instance, as 
demand of crude palm oil (CPO) is mainly dedicated for food application, the portion of CPO that can 
be allowed for biodiesel production should be limited to avoid overconsumption, and this can be 













≤ 𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝜔𝜔𝑦𝑦,𝑓𝑓𝑚𝑚𝐵𝐵𝐵𝐵  
∀y ∈ Y, s ∈ S, rm ∈ RM          (1) 
 
 
 The feedstock allocated for consumption is assigned to three separated inventory balances. 
First, 𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  is assigned to the inventory balance of the pre-processing plant as 
shown in Eq. (2). In this equation, the feedstock allocated for the pre-processing plant 
(𝐵𝐵𝐵𝐵𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ) is multiplied with the seasonality fraction (𝜔𝜔𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑚𝑚𝑖𝑖) to establish the 
seasonal feedstock flow. This flow is then directed to the flows of feedstock to intermediate plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖 ) and storage facility (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 ). For each 
season, the feedstock may be stored and then be brought up to the next season for consumption or 
storage. Dry matter loss (DML) (𝜔𝜔𝑓𝑓𝑚𝑚𝐷𝐷𝐵𝐵𝐷𝐷) is exerted to the associated feedstock stored to account for the 





















∀y ∈ Y, m ∈ M, s ∈ S, rm ∈ RM, iptech ∈ IPTECH, ipmode ∈ IPMODE, ipsize ∈ IPSIZE  (2) 
 
 
Second, the inventory balance of feedstock in the conversion plant is shown in Eq. (3). The 






















∀y ∈ Y, m ∈ M, s ∈ S, rm ∈ RM, ptech ∈ PTECH, pmode ∈ PMODE, psize ∈ PSIZE  (3) 
 
 
Third, the inventory balance of feedstock in the existing bioenergy plant/mill is shown in Eq. 
(4). The structure of the equation is similar to Eqs. (2) and (3), with different symbols used to indicate 





















∀y ∈ Y, m ∈ M, s ∈ S, rm ∈ RM         (4) 
 
 
The conversion of feedstock to intermediate product is shown in Eq. (5). The flow of feedstock 
to pre-processing plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖 ) is multiplied with the respective 
technology efficiency (𝜂𝜂𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖) for the conversion into the intermediate product which 
are then allocated to three different flow variables. The first variable is the flow of intermediate 
product to conversion plant (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖 ), the second variable 
is the flow of intermediate product to harbor for shipping (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,𝑡𝑡
𝑎𝑎𝑖𝑖ℎ ) and the 
third variable is the flow of intermediate product to storage facility (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖
𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 ). 
For each season, the intermediate product may be stored and then be brought up to the next season 
for consumption or storage. DML (𝜔𝜔𝑎𝑎𝑏𝑏𝑖𝑖𝐷𝐷𝐵𝐵𝐷𝐷) is exerted to the associated intermediate product stored to 
account for the efficiency of storage. If an intermediate product is not associated with the loss due to 































∀y ∈ Y, m ∈ M, ip ∈ IP, iptech ∈ IPTECH, ipmode ∈ IPMODE, ipsize ∈ IPSIZE, ibp ∈ IBP (5) 
 
 
 Eq. (6) presents the formulation of the energy demand, based on the simultaneous 
conversions of feedstock and intermediate product to bioenergy product. For the conversion of 
feedstock to bioenergy product, the flows of feedstock from the supply 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑖𝑖 ) and harbor (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖 ) points to conversion 
plant are multiplied with the respective efficiency (𝜂𝜂𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑚𝑚) to obtain the associated 
bioenergy product (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ). For the conversion of intermediate product to 
bioenergy product, the flows of intermediate product from the supply 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖 ) and harbor (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖 ) 
points are multiplied with the respective efficiency (𝜂𝜂𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑚𝑚) to obtain the associated 
bioenergy product (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ). For each season, the bioenergy product may be 
stored and then be brought up to the next season for consumption or storage. DML (𝜔𝜔𝑖𝑖𝑚𝑚𝐷𝐷𝐵𝐵𝐷𝐷) is exerted 
to the associated bioenergy product stored to account for the efficiency of storage. If a bioenergy 














































∀y ∈ Y, m ∈ M, p ∈ P, ptech ∈ PTECH, pmode ∈ PMODE, psize ∈ PSIZE, pd ∈ PD  (6) 
 
 
Balances of the commodities at the shipping points are defined in Eqs. (7)-(10). It is noted that 
only feedstock and intermediate product are considered for shipping in the model, meaning that the 
bioenergy product will only satisfy the energy demand within the region domestically. The balances 
associated with the incoming flows of feedstock and intermediate product from the supply point and 
pre-processing plant to the harbors are respectively defined in Eqs. (7) and (8). The balances associated 
with the outgoing flows of feedstock and intermediate product from the harbors to the conversion 









 � |𝛽𝛽𝑟𝑟𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖 ∧𝛽𝛽𝑟𝑟𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖  




















 � |𝛽𝛽𝑟𝑟𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖 ∧𝛽𝛽𝑟𝑟𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖  









∀y ∈ Y, m ∈ M, ibp ∈ IBP,h′ ∈ H, ptech ∈ PTECH, pmode ∈ PMODE, psize ∈ PSIZE  (10) 
 
 
S1.2.2. Resource demand 
 
 
 Demand of feedstock in the existing bioenergy plant/mill is outlined in Eq. (11). Seasonality 
fraction of feedstock (𝜔𝜔𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑚𝑚𝑖𝑖) is multiplied with the demand parameter (𝐷𝐷𝐵𝐵𝑦𝑦,𝑓𝑓𝑚𝑚,𝑖𝑖𝑏𝑏𝑚𝑚 ) to establish the 











∀y ∈ Y, m ∈ M, rm ∈ RM, p ∈ P         (11) 
 
 
Demand of bioenergy product is based on the competition of bioenergy 
(𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ) and fossil fuel-based energy (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑓𝑓,𝑡𝑡,𝑚𝑚
𝑓𝑓𝑡𝑡𝑓𝑓 ) in fulfilling the required 
energy generation in different energy sectors as shown in Eq. (12). Bioenergy product 
(𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ) is assigned to fulfil the energy demand of the respective energy sector 
by incorporating the product to energy sector relationship parameter (𝛽𝛽𝑖𝑖𝑚𝑚,𝑡𝑡𝑡𝑡𝑡𝑡 ). Seasonality fraction of 
the energy sector (𝜔𝜔𝑦𝑦,𝑚𝑚,𝑡𝑡𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑚𝑚𝑖𝑖) is multiplied with the demand parameter (𝐷𝐷𝐵𝐵𝑦𝑦,𝑡𝑡,𝑚𝑚
𝑖𝑖𝑓𝑓 ) to establish the 















∀y ∈ Y, m ∈ M, e ∈ E, d ∈ D         (12) 
 
 
 Fossil fuel-based energy generation is restricted by the planned capacity of fossil fuel 
technology as defined in Eq. (13). The upper boundary of the equation sets the planned capacity of the 
fossil fuel technology in contributing to the energy generation of the respective energy sector while 
the lower boundary sets the restriction on how much portion of fossil fuel technology that can be 








∀y ∈ Y, m ∈ M, f ∈ F, e ∈ E, d ∈ D        (13) 
 
S1.2.3. Technology capacity constraint 
 
 
 Eq. (14) represents the technology size constraint for the pre-processing plant which is 
associated with the flows of intermediate product to conversion plant 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖 ) and harbor (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,𝑡𝑡
𝑎𝑎𝑖𝑖ℎ ). 
The flows are restricted by the seasonal capacity level of a technology which is set based on the division 
of the annual capacity (𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡



















∀y ∈ Y, m ∈ M, ip ∈ IP, iptech ∈ IPTECH, ipmode ∈ IPMODE, ipsize ∈ IPSIZE   (14) 
 
 
Eq. (15) represents the technology size constraint for the conversion plant which is associated 
with the flow of bioenergy product to demand point (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ). The flow is 
restricted by the seasonal capacity level of a technology which is set based on the division of the annual 
capacity (𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡











∀y ∈ Y, m ∈ M, p ∈ P, ptech ∈ PTECH, pmode ∈ PMODE, psize ∈ PSIZE   (15) 
 
 
To account for lifetime of technology in the annual capacity balance of a technology, variables 
that represent the current status of capacities as presented by 𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖  and 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖 , the existing/planned capacities as presented by 𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎  
and 𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 , the new investment of capacities as presented by 
𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡  and 𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 , and the retirement of capacities as presented 
by 𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  and 𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  are accounted as shown in Eqs. (16) and 






















∀y ∈ Y, p ∈ P, ptech ∈ PTECH, pmode ∈ PMODE, psize ∈ PSIZE    (17) 
 
 
In defining the retired capacity of a technology for pre-processing plant 
(𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡 ) and conversion plant (𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡 ), binary parameters, 
𝛽𝛽𝑦𝑦,𝑦𝑦′,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑎𝑎𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  and 𝛽𝛽𝑦𝑦,𝑦𝑦′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡 , that point when should a technology retire its capacity 
after an investment has been made are incorporated in the capacity retirement balances as presented 
in Eqs. (18) and (19). These binary parameter relationships are adapted from the equations used in the 
previous modeling work.1 For the binary parameters to work, two indices are needed for introducing 
the relationship between the retirement period 𝑦𝑦 and the investment period 𝑦𝑦′ of a technology. For 
example, if a technology with a 20-year lifetime is deployed in 2020, 𝑦𝑦′ is subjected to 2020 while 𝑦𝑦 is 
subjected to 2040, and the binary parameter is only subjected to the value of 1 when these two periods 
align. The parameters are multiplied with the associated invested capacities 
(𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦′,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡  and 𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 ) and then added up with the known 
capacities of the retired facilities (𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑓𝑓𝑡𝑡𝑡𝑡𝑎𝑎𝑓𝑓𝑡𝑡 ) to establish 
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___________________________________ 
1Samsatli S., Samsatli N.J., Shah N., 2015, BVCM: A comprehensive and flexible toolkit for whole system 
biomass value chain analysis and optimisation – Mathematical formulation, Applied Energy, 147, 131-
160. 
Binary variables, 𝑆𝑆𝑋𝑋𝑋𝑋𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡  and 𝑆𝑆𝑋𝑋𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡, are used to 
constrained the upper and lower boundary capacities of the new invested capacities of pre-processing 
technology (𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 ) as shown in Eq. (20) and conversion technology 
(𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖_𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 ) as shown in Eq. (21). 
𝑆𝑆𝑋𝑋𝑋𝑋𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
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These binary variables are then constrained to limit the number of technologies that can be 












∀y ∈ Y, p ∈ P, ptech ∈ PTECH         (23) 
 
 
Land availability constraint is accounted to limit the capacity of technologies that can be 
deployed in a spatial grid as shown in Eq. (24). Parameters 𝐴𝐴𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑓𝑓𝑎𝑎𝑡𝑡𝑡𝑡𝑚𝑚𝑓𝑓  and 𝐴𝐴𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
𝑓𝑓𝑎𝑎𝑡𝑡𝑡𝑡𝑚𝑚𝑓𝑓  are 
adopted for calculating the area associated with the capacity deployments of pre-processing and 
conversion facilities. The capacities of the bioenergy technologies that can be deployed are restricted 






















S1.2.4. Storage capacity constraint 
 
 
Storages of feedstock (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡  and 𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡  and 
𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚
𝑠𝑠𝑖𝑖𝑡𝑡_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡), intermediate product (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖
𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 ) and bioenergy product 
(𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚
𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 ) are defined to cater the seasonality effects of storing commodities in 
the model. The upper boundaries of the storage capacities for feedstock, intermediate product and 
product are defined in Eqs. (25)-(29), respectively. The seasonal capacity level of a storage facility is 
set based on the division of the annual capacity (𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑠𝑠,𝑓𝑓𝑚𝑚
𝑏𝑏𝑚𝑚_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 and 𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖
𝑎𝑎𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡  and 
𝐶𝐶𝐶𝐶𝑖𝑖𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚
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S1.2.5. Grid infrastructure capacity constraint 
 
 
The annual capacity level of a grid infrastructure (𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡) is established by accounting 
the existing capacity in operation (𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 ) and the new capacity invested (𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 ). 
Investment cost for the grid infrastructure will only be accounted if a new capacity is invested, meaning 
that for the existing capacity, the transport of a commodity is only associated with the operational 
cost. The grid infrastructure capacity constraint is defined in Eq. (30). 
�𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡 = 𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦−1,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡|(𝑦𝑦>1) + 𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡|(𝑦𝑦=1)
𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑡𝑡,𝑔𝑔,𝑔𝑔′,𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 �|𝛽𝛽𝑖𝑖𝑔𝑔𝑟𝑟𝑖𝑖𝑖𝑖⋀𝛽𝛽𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖  
∀y ∈ Y, c ∈ C, g ∈ G, g′ ∈ G, t ∈ T        (30) 
 
The capacity constraint formulated in Eq. (30) restricts the amount of commodities that can 
be transported using the infrastructures. These are shown in Eqs. (31) and (32) for the transport of 
intermediate product (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖 ) and bioenergy product 
(𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡











≤ 𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑎𝑎𝑏𝑏𝑖𝑖,𝑔𝑔,𝑔𝑔′,𝑡𝑡 � |𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖
𝑔𝑔𝑟𝑟𝑖𝑖𝑖𝑖⋀𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖
𝑖𝑖𝑖𝑖  











≤ 𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑖𝑖𝑚𝑚,𝑔𝑔,𝑔𝑔′,𝑡𝑡 � |𝛽𝛽𝑖𝑖𝑖𝑖
𝑔𝑔𝑟𝑟𝑖𝑖𝑖𝑖⋀𝛽𝛽𝑖𝑖𝑖𝑖,𝑖𝑖
𝑖𝑖𝑖𝑖  
∀y ∈ Y, pd ∈ PD, g ∈ G, g′ ∈ G, t ∈ T        (32) 
 
 
S1.2.6. Renewable energy/emission target 
 
 
Policy target is one of the mechanisms used to drive bioenergy in meeting the portion of 
energy demand. This is illustrated in Eq. (33), where renewable energy target is used to drive the future 
bioenergy capacity, and Eq. (34), where CO2 emission target is used to drive the future production 
required to deliver emission reduction. It is noted that conditions �𝑡𝑡𝐶𝐶𝑟𝑟𝑔𝑔𝑒𝑒𝑡𝑡𝑦𝑦,𝑡𝑡𝑏𝑏𝑎𝑎𝑚𝑚 > 0� and 
�𝑡𝑡𝐶𝐶𝑟𝑟𝑔𝑔𝑒𝑒𝑡𝑡𝑦𝑦𝑡𝑡𝑚𝑚 > 0� are exerted to the respective equations in order to prevent the system from 
specifying null value as a target in a particular year, and also, to deactivate these two equations if policy 
























≥ 𝑡𝑡𝐶𝐶𝑟𝑟𝑔𝑔𝑒𝑒𝑡𝑡𝑦𝑦𝑡𝑡𝑚𝑚� |�𝑡𝑡𝑎𝑎𝑓𝑓𝑔𝑔𝑡𝑡𝑡𝑡𝑦𝑦𝑖𝑖𝑖𝑖>0� 
∀y ∈ Y            (34) 
 
S1.2.7. Cost of energy supply chain 
 
 
Total cost of the energy supply chain can be broken down into the collection/purchase costs 
of feedstock as defined in Eqs. (35) and (36), the storage costs of feedstock as defined in Eqs. (37) and 
(38), the storage costs of intermediate product and bioenergy product as defined in Eqs. (39) and (40), 
the transport costs of feedstock as defined in Eqs. (41) and (42), the transport costs of intermediate 
product and bioenergy product as defined in Eqs. (43) and (44), the shipping costs of feedstock and 
intermediate product as defined in Eqs. (45) and (46), the infrastructure costs associated with pre-
processing and conversion plants as defined in Eqs. (47) and (48), the investment costs of pre-
processing and conversion plants as defined in Eqs. (49) and Equation (50), the operating costs of pre-
processing and conversion plants as defined in Eqs. (51) and (52), and the reference cost of the energy 
sectors as defined in Eq. (53). 
 
 
 Eq. (35) defines the collection/purchase cost of feedstock, consisted of the multiplications of 
the quantities of feedstock collected/purchased for supplies to the pre-processing plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖 ), conversion plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑖𝑖 ) and harbor 





















� |𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑖𝑖 � 𝑖𝑖𝑓𝑓𝑦𝑦,𝑓𝑓𝑚𝑚
𝑡𝑡  
∀y ∈ Y, e ∈ E            (35) 
 
 
 Eq. (36) defines the collection/purchase cost of feedstock associated with the existing 
bioenergy plant/mill. It consisted of the multiplication of the quantity of feedstock 
collected/purchased for supply to the existing bioenergy plant/mill (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑡𝑡
𝑠𝑠𝑖𝑖𝑡𝑡 ) with the unit 








∀y ∈ Y            (36) 
 
 
 Eq. (37) defines the storage cost of feedstock, consisted of the multiplication of the quantities 
of feedstock stored for supplies to pre-processing plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 ) and 
conversion plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡


















∀y ∈ Y, e ∈ E            (37) 
 
 
 Eq. (38) defines the storage cost of feedstock associated with the existing bioenergy plant/mill. 
It consisted of the multiplication of the quantity of feedstock stored for supply to the existing bioenergy 
plant/mill (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚








∀y ∈ Y            (38) 
 
 
 Eq. (39) defines the storage cost of intermediate product, consisted of the multiplication of 
the quantity of intermediate product stored in the pre-processing plant 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖










∀y ∈ Y, e ∈ E            (39) 
 
 
 Eq. (40) defines the storage cost of bioenergy product, consisted of the multiplication of the 
quantity of product stored in the conversion plant (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚











∀y ∈ Y, e ∈ E            (40) 
 
 
 Eq. (41) defines the transport cost of feedstock, consisted of the multiplication of the 
quantities of feedstock transported from the supply point to pre-processing plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖 ), conversion plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑖𝑖 ) and harbor 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,ℎ,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡𝑠𝑠ℎ ), and from harbor to conversion plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖 ), with the respective cost parameters: 1) unit loading/unloading 
cost (𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); 2) unit transport cost (𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑓𝑓) multiplied with distance; and 3) unit fuel transport cost 
(𝑖𝑖𝑓𝑓𝑦𝑦,𝑓𝑓𝑚𝑚,𝑡𝑡











𝑠𝑠𝑎𝑎𝑖𝑖 �𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑠𝑠,𝑎𝑎𝑖𝑖,𝑡𝑡






𝑠𝑠𝑖𝑖 �𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑠𝑠,𝑖𝑖,𝑡𝑡












ℎ𝑖𝑖 �𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡ℎ′,𝑖𝑖,𝑡𝑡







∀y ∈ Y, e ∈ E            (41) 
 
 
 Eq. (42) defines the transport cost of feedstock associated with the existing bioenergy 
plant/mill. It consisted of the multiplication of the quantity of feedstock transported from the supply 
point to existing bioenergy plant/mill (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑡𝑡
𝑠𝑠𝑖𝑖𝑡𝑡 ) with the respective cost parameters: 1) unit 
loading/unloading cost (𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); 2) unit transport cost (𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑓𝑓) multiplied with distance; and 3) unit 
fuel transport cost (𝑖𝑖𝑓𝑓𝑦𝑦,𝑓𝑓𝑚𝑚,𝑡𝑡






𝑠𝑠𝑖𝑖𝑡𝑡 �𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑠𝑠,𝑖𝑖,𝑡𝑡





∀y ∈ Y             (42) 
 
 
 Eq. (43) defines the transport cost of intermediate product, consisted of the multiplication of 
the quantity of intermediate product transported from the pre-processing plant to conversion plant 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖 ) and harbor (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,𝑡𝑡
𝑎𝑎𝑖𝑖ℎ ), 
and from harbor to conversion plant (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖 ), with the respective cost 
parameters: 1) unit loading/unloading cost (𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); 2) unit transport cost (𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑓𝑓) multiplied with 
distance; and 3) unit fuel transport cost (𝑖𝑖𝑓𝑓𝑦𝑦,𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡


























𝑎𝑎𝑖𝑖ℎ �𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑎𝑎𝑖𝑖,ℎ,𝑡𝑡







ℎ𝑖𝑖 �𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡ℎ′,𝑖𝑖,𝑡𝑡












∀y ∈ Y, e ∈ E            (43) 
 
 
 Eq. (44) defines the transport cost of bioenergy product, consisted of the multiplication of the 
quantity of product transported from the conversion plant to demand point 
(𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ) with the respective cost parameters: 1) unit loading/unloading cost 
(𝑖𝑖𝑓𝑓𝑖𝑖𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); 2) unit transport cost (𝑖𝑖𝑓𝑓𝑖𝑖𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑓𝑓) multiplied with distance; and 3) unit fuel transport cost 
(𝑖𝑖𝑓𝑓𝑦𝑦,𝑖𝑖𝑚𝑚,𝑡𝑡






𝑖𝑖𝑚𝑚 �𝑖𝑖𝑓𝑓𝑖𝑖𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖𝑠𝑠𝑡𝑡𝑖𝑖,𝑚𝑚,𝑡𝑡






∀y ∈ Y, e ∈ E            (44) 
 
 
 Eq. (45) defines the shipping cost of feedstock, consisted of the multiplication of the quantity 
of feedstock shipped from harbor to harbor (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚,ℎ,ℎ′,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎℎ ) with the respective 
cost parameters: 1) unit loading/unloading cost (𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) unit shipping cost (𝑖𝑖𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑓𝑓) 
















∀y ∈ Y, e ∈ E            (45) 
 
 
 Eq. (46) defines the shipping cost of intermediate product, consisted of the multiplication of 
the quantity of intermediate product shipped from harbor to harbor (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,ℎ′,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎℎ ) 
with the respective cost parameters: 1) unit loading/unloading cost (𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) unit shipping 
cost (𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡
















∀y ∈ Y, e ∈ E            (46) 
 
 
 Eq. (47) defines the infrastructure cost of the pre-processing plant, consisted of the 
multiplication of the invested grid infrastructure capacity (𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑎𝑎𝑏𝑏𝑖𝑖,𝑔𝑔,𝑔𝑔′,𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 ) with the respective cost 
parameters: 1) unit investment cost of grid connectivity (𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡
𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑎𝑎𝑐𝑐);  and 2) unit investment cost of 
grid interconnection (𝑖𝑖𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡



















∀y ∈ Y, e ∈ E            (47) 
 
 
 Eq. (48) defines the infrastructure cost of the conversion plant, consisted of the multiplication 
of the invested grid infrastructure capacity (𝑔𝑔𝑟𝑟𝑖𝑖𝑑𝑑𝑦𝑦,𝑖𝑖𝑚𝑚,𝑔𝑔,𝑔𝑔′,𝑡𝑡𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑠𝑠𝑡𝑡 ) with the respective unit cost parameters: 
1) unit investment cost of grid connectivity (𝑖𝑖𝑓𝑓𝑖𝑖𝑚𝑚,𝑡𝑡
𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑎𝑎𝑐𝑐); and 2) unit investment cost of grid 
interconnection (𝑖𝑖𝑓𝑓𝑖𝑖𝑚𝑚,𝑡𝑡





















∀y ∈ Y, e ∈ E            (48) 
 
 
 Eq. (49) defines the investment cost of the pre-processing plant, consisted of the multiplication 
of pre-processing plant capacity (𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡













∀y ∈ Y, e ∈ E            (49) 
 
 
 Eq. (50) defines the investment cost of the conversion plant, consisted of the multiplication of 
conversion plant capacity (𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡












∀y ∈ Y, e ∈ E            (50) 
 
 
 Eq. (51) defines the O&M cost of the pre-processing plant, involving the summations of the 
following multiplications: 1) multiplication of the pre-processing plant capacity 
(𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑎𝑎𝑖𝑖 ) with the unit fix O&M cost (𝑖𝑖𝑓𝑓𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐𝑓𝑓𝑎𝑎𝑐𝑐 ); and 2) multiplication of 
the production quantities of intermediate product (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖  
and 𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,𝑡𝑡






























∀y ∈ Y, e ∈ E            (51) 
 
 
 Eq. (52) defines the O&M cost of the conversion plant, involving the summations of the 
following multiplications: 1) multiplication of conversion plant capacity (𝑆𝑆𝑖𝑖𝑠𝑠𝑒𝑒𝑦𝑦,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑖𝑖 ) with 
the unit fix O&M cost (𝑖𝑖𝑓𝑓𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐𝑓𝑓𝑎𝑎𝑐𝑐 ); and 2) multiplication of the production quantity of 
bioenergy product (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡























∀y ∈ Y, e ∈ E            (52) 
 
 
Eq. (53) defines the reference cost associated with the energy sectors. The reference fossil 
fuel-based energy production (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑓𝑓,𝑡𝑡,𝑚𝑚
𝑓𝑓𝑡𝑡𝑓𝑓 ) is multiplied with the associated fossil fuel technology cost 
(𝑖𝑖𝑓𝑓𝑦𝑦,𝑓𝑓,𝑡𝑡
𝑓𝑓𝑡𝑡𝑓𝑓 ) in quantifying the reference energy cost. It is noted that the base investment cost of fossil fuel 
technology (𝑖𝑖𝑓𝑓𝑓𝑓,𝑡𝑡
𝑡𝑡𝑎𝑎𝑖𝑖𝑡𝑡𝑐𝑐𝑏𝑏𝑎𝑎𝑎𝑎) is also included to account the cost associated with the substituted capacity 
















∀y ∈ Y, e ∈ E            (53) 
 
 
S1.2.8. Emission of energy supply chain 
 
 
Total emission of the energy supply chain can be broken down into the emissions from 
feedstock collection as defined in Eqs. (54) and (55), the emissions from feedstock storage as defined 
in Eqs. (56) and (57), the emissions from intermediate product and bioenergy product storages as 
defined in Eqs. (58) and (59), the emissions from feedstock transport as defined in Eqs. (60) and (61), 
the emissions from intermediate product and bioenergy product storages as defined in Eqs. (62) and 
(63), the emissions from feedstock and intermediate product shipping as defined in Eqs. (64) and (65), 
the emissions from pre-processing and conversion activities as defined in Eqs. (66) and (67), the 
avoided emission associated with the utilization of feedstock as defined in Eq. (68) and the total 
emission of the reference energy sectors as defined in Eq. (69).  
 
 
Eq. (54) defines the emission from feedstock collection, consisted of the multiplications of the 
quantities of feedstock collected for supplies to the pre-processing plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖 ), conversion plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑖𝑖 ) and harbor 



















� |𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑖𝑖 � 𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚
𝑏𝑏𝑚𝑚 
∀y ∈ Y, e ∈ E           (54) 
 
 
Eq. (55) defines the emission from feedstock collection associated with the existing bioenergy 
plant/mill. It consisted of the multiplication of the quantity of feedstock collected for supply to the 
existing bioenergy plant/mill (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑡𝑡











∀y ∈ Y            (55) 
 
 
 Eq. (56) defines the emission from feedstock storage, consisted of the multiplication of the 
quantities of feedstock stored for supplies to pre-processing plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 ) 
and conversion plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡


















∀y ∈ Y, e ∈ E           (56) 
 
 
 Eq. (57) defines the emission from feedstock storage associated with the existing bioenergy 
plant/mill. It consisted of the multiplication of the quantity of feedstock stored for supply to the 
existing bioenergy plant/mill (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚








∀y ∈ Y            (57) 
 
 
 Eq. (58) defines the emission from intermediate product storage, consisted of the 
multiplication of the quantity of intermediate product stored in the pre-processing plant 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖










∀y ∈ Y, e ∈ E           (58) 
 
 
 Eq. (59) defines the emission from bioenergy product storage, consisted of the multiplication 
of the quantity of product stored in the conversion plant (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚
𝑖𝑖_𝑠𝑠𝑡𝑡𝑚𝑚𝑓𝑓𝑡𝑡 ) with the 










∀y ∈ Y, e ∈ E           (59) 
 
 
 Eq. (60) defines the emission from feedstock transport, consisted of the multiplications of the 
quantities of feedstock transported from the supply point to pre-processing plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖 ), conversion plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑖𝑖 ) and harbor 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,ℎ,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡𝑠𝑠ℎ ), and from harbor to conversion plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖 ), with the respective emission factors: 1) emission factor associated 
with loading and unloading of feedstock (𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) emission factor associated with feedstock 


































∀y ∈ Y, e ∈ E           (60) 
 
 
 Eq. (61) defines the emission from feedstock transport associated with the existing bioenergy 
plant/mill. It consisted of the multiplication of the quantity of feedstock transported from the supply 
point to the existing bioenergy plant/mill (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑡𝑡
𝑠𝑠𝑖𝑖𝑡𝑡 ) with the respective emission parameters: 
1) emission factor associated with loading and unloading of feedstock (𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) emission 











∀y ∈ Y            (61) 
 
 
 Eq. (62) defines the emission from intermediate product transport, consisted of the 
multiplications of the quantities of intermediate product transported from the pre-processing plant to 
conversion plant (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖 ) and harbor 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,𝑡𝑡
𝑎𝑎𝑖𝑖ℎ ), and from harbor to conversion plant 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ′,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎ𝑖𝑖 ), with the respective emission factors: 1)emission factor associated 
with loading and unloading of intermediate product (𝑒𝑒𝑚𝑚𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) emission factor associated with 


































∀y ∈ Y, e ∈ E           (62) 
 
 
 Eq. (63) defines the emission from bioenergy product transport, consisted of the multiplication 
of the quantity of product transported from the conversion plant to the demand point 
(𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ) with the respective emission factors: 1) emission factor associated 
with loading and unloading of bioenergy product (𝑒𝑒𝑚𝑚𝑓𝑓𝑖𝑖𝑚𝑚,𝑡𝑡𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) emission factor associated with 












∀y ∈ Y, e ∈ E           (63) 
 
 
 Eq. (64) defines the emission from feedstock shipping, consisted of the multiplication of the 
quantity of feedstock shipped from harbor to harbor (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑓𝑓𝑚𝑚,ℎ,ℎ′,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎℎ ) with the 
respective emission factors: 1) emission factor associated with loading and unloading of feedstock 
(𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) emission factor associated with feedstock shipping (𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚,𝑡𝑡

















∀y ∈ Y, e ∈ E           (64) 
 
 
 Eq. (65) defines the emission from intermediate product shipping, consisted of the 
multiplication of the quantity of intermediate product shipped from harbor to harbor 
(𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,ℎ′,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
ℎℎ ) with the respective emission factors: 1) emission factor associated 
with loading and unloading of intermediate product (𝑒𝑒𝑚𝑚𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡
𝑠𝑠ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚); and 2) emission factors associated 
with intermediate product shipping (𝑒𝑒𝑚𝑚𝑓𝑓𝑎𝑎𝑏𝑏𝑖𝑖,𝑡𝑡














∀y ∈ Y, e ∈ E           (65) 
 
 
 Eq. (66) defines the emission from pre-processing activity, consisted of the multiplication of 
the production quantities of intermediate product (𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑎𝑎𝑖𝑖𝑖𝑖  
and 𝑋𝑋𝑋𝑋𝑖𝑖𝑦𝑦,𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑎𝑎𝑏𝑏𝑖𝑖,ℎ,𝑡𝑡




















� 𝑒𝑒𝑚𝑚𝑓𝑓𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ  
∀y ∈ Y, e ∈ E           (66) 
 
 
 Eq. (67) defines the emission from conversion activity, consisted of the multiplication of the 
production quantity of bioenergy product (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑖𝑖𝑚𝑚,𝑚𝑚,𝑡𝑡
𝑖𝑖𝑚𝑚 ) with the emission factor of 











∀y ∈ Y, e ∈ E           (67) 
 
 
Eq. (68) defines the avoided emission associated with the utilization of feedstock, consisted of 
the multiplications of the quantities of feedstock supplied to the pre-processing plant 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑎𝑎𝑖𝑖,𝑎𝑎𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑎𝑎𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑎𝑎𝑖𝑖 ), conversion plant (𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,𝑖𝑖,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡
𝑠𝑠𝑖𝑖 ) and harbor 
(𝑋𝑋𝐵𝐵𝑚𝑚𝑦𝑦,𝑚𝑚,𝑠𝑠,𝑓𝑓𝑚𝑚,ℎ,𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡ℎ,𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡,𝑖𝑖𝑠𝑠𝑎𝑎𝑖𝑖𝑡𝑡,𝑡𝑡𝑠𝑠ℎ ) with the emission avoidance factor associated with the utilization 





















� |𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑖𝑖 � 𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚
𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 
∀y ∈ Y, e ∈ E           (68) 
 
 
Eq. (69) defines the emission of the reference energy production. The reference fossil fuel-
based energy production (𝑋𝑋𝑋𝑋𝑟𝑟𝑦𝑦,𝑚𝑚,𝑓𝑓,𝑡𝑡,𝑚𝑚
𝑓𝑓𝑡𝑡𝑓𝑓 ) is multiplied with the emission factor of fossil fuel technology 
(𝑒𝑒𝑚𝑚𝑓𝑓𝑓𝑓,𝑡𝑡









∀y ∈ Y, e ∈ E           (69) 
 
 
S1.2.9. Objective function 
 
 
 The objective function of the model is to minimize the total cost of energy system (Eq. (70)), 
which is equivalent to the summation of the total cost of energy supply chain (Eq. (71)) and the product 
of the total emission of energy supply chain (Eq. (72)) and carbon price (𝑖𝑖𝑓𝑓𝑦𝑦𝑡𝑡𝑚𝑚2), subtracted with the 
total price subsidy of bioenergy product (Eq. (73)). 
 
 



























































∀y ∈ Y            (73) 
 
